Objectives: The aim of this study was to evaluate the imaging performance of a handheld ultrasound system and the accuracy of an automated lumbar spine computer-aided detection (CAD) algorithm in the spines of human subjects. Materials and Methods: This study was approved by the institutional review board of the University of Virginia. The authors designed a handheld ultrasound system with enhanced bone image quality and fully automated CAD of lumbar spine anatomy. The imaging performance was evaluated by imaging the lumbar spines of 68 volunteers with body mass index between 18.5 and 48 kg/m 2 . The accuracy, sensitivity, and specificity of the lumbar spine CAD algorithm were assessed by comparing the algorithm's results to ground-truth segmentations of neuraxial anatomy provided by radiologists. Results: The lumbar spine CAD algorithm detected the epidural space with a sensitivity of 94.2% (95% confidence interval [CI], 85.1%-98.1%) and a specificity of 85.5% (95% CI, 81.7%-88.6%) and measured its depth with an error of approximately ±0.5 cm compared with measurements obtained manually from the 2-dimensional ultrasound images. The spine midline was detected with a sensitivity of 93.9% (95% CI, 85.8%-97.7%) and specificity of 91.3% (95% CI, 83.6%-96.9%), and its lateral position within the ultrasound image was measured with an error of approximately ±0.3 cm. The bone enhancement imaging mode produced images with 5.1-to 10-fold enhanced bone contrast when compared with a comparable handheld ultrasound imaging system. Conclusions: The results of this study demonstrate the feasibility of CAD for assisting with real-time interpretation of ultrasound images of the lumbar spine at the bedside.
P alpation-based techniques are the most common approaches for facilitating lumbar spine bedside procedures such as lumbar puncture (LP), sampling of cerebrospinal fluid, and spinal and/or epidural placement. 1, 2 With these approaches, the needle insertion location is determined by palpating the iliac crest and spinous processes to identify the vertebral level and spine midline. Not surprisingly, recent studies have demonstrated that the efficacy of this technique decreases in patients whose surface landmarks are not identifiable and in patients with spinal deformities or degenerative effects of aging. [3] [4] [5] [6] Obesity, in particular, has been identified as a predictor of difficult needle placement, with multiple studies finding significantly decreased epidural and LP success rates in patients with body mass index (BMI) greater than 35 kg/m 2 . [4] [5] [6] [7] Successful needle placement in these patients often requires additional needle insertions and passes, 6 thereby increasing patient discomfort, prolonging the procedure, and increasing the risks of complications. 8 In many cases, challenging patients are referred to interventional radiology for needle placement under fluoroscopic guidance, but this is not always an option, as is the case for obstetric patients or patients requiring immediate care. 4 The use of preprocedural ultrasound has been extensively studied as a means to improve epidural and LP success rates in difficult patients by providing additional means to identify key neuraxial landmarks before needle insertion. 6, [9] [10] [11] [12] [13] When used as a preprocedural companion to palpation-based methods, ultrasound improves first-attempt epidural success rates, reduces the number of needle passes, and accurately estimates the depth to the epidural space to within approximately 1cm. 6, 14, 15 However, the evidence suggests that the acquisition and retention of neuraxial ultrasonography skills represents a major impediment to widespread use of ultrasound for neuraxial bedsides procedures. 16, 17 In addition, ultrasound systems that are specifically designed to image soft tissue rather than bone structures may produce images that are difficult to interpret, thereby increasing the difficulty of the technique. 18, 19 Attempts have been made to address these technical limitations by both enhancing ultrasound's ability to image bone structures through image postprocessing techniques 20 and automating the detection of key neuraxial landmarks within ultrasound images. 21, 22 Together, these technical solutions seek to reduce the learning curve by improving image quality and providing a secondary confirmation of the anatomical features contained within the ultrasound image. Given that ultrasound guidance is now the preferred approach for peripheral nerve blocks 23 and central lines, 24 it stands to reason that improving bone image quality may enable similarly improved efficacy for neuraxial needle guidance. To date, however, approaches to improve ultrasound spine imaging performance have been limited to proof-of-concept demonstrations in a limited number of human subjects or phantoms. [20] [21] [22] In this work, we present the first imaging results of a handheld ultrasound system that was designed specifically for preprocedural epidural and LP guidance. The system utilizes a piston ultrasound transducer rather than a linear or phased array so as to limit the deleterious effects of grating lobes and off-axis reflectors on bone image quality. 19 In addition, the system uses bone-specific beam-forming and image processing to enhance bone contrast and improve the conspicuity of key neuraxial landmarks, such as the spinous process, articular processes, transverse processes, and vertebral body. Finally, the system also comprises a real-time computer-aided detection (CAD) algorithm that automatically identifies the location and depths of the spine midline, spinous processes, and epidural spaces to provide a secondary confirmation of the anatomy contained within the image. The primary objective of this imaging-only study was to evaluate the accuracy, sensitivity, and specificity of the CAD algorithm for the automated detection of neuraxial landmarks in human subjects. The long-term goal of this research is to enable physicians to use bedside neuraxial ultrasound and to ultimately improve the efficacy of neuraxial anesthesia and LP procedures.
MATERIALS AND METHODS
This study was approved by the Institutional Review Board of the University of Virginia. Inclusion criteria were healthy volunteers, at least 18 years of age, and written informed consent. Exclusion criteria were the inability to give informed consent, known spinal deformities, or prior lumbar spine surgery. The ultrasound systems used in this study were provided on loan by Rivanna Medical to the University of Virginia. The study's start date was July 11, 2014 , and the end date was March 25, 2015.
Ultrasound Imaging Systems
Two handheld ultrasound systems were used in this study: the Accuro (Rivanna Medical, LLC, Charlottesville, VA) and the GE V-Scan (GE Healthcare, Little Chalfont, United Kingdom). The Accuro weighed 0.31 kg with dimensions of 16.5 Â 5.1 Â 6.5 cm, and its screen was connected directly to the ultrasound transducer to permit 1-handed scanning (Fig. 1A) . The V-Scan weighed 0.39 kg with display-unit dimensions of 13.5 Â 7.3 Â 2.8 cm and transducer dimensions of 12.0 Â 3.3 Â 2.6 cm, whereas its transducer was tethered to its screen by a cable (Fig. 1B) . Both devices were battery powered. The imaging frequency, maximum penetration depth, and scan angle were 2.5 to 5.0 MHz, 12.5 cm, and 60 degrees for the Accuro, and 1.7 to 3.6 MHz, 24.0 cm, and 60 degrees for the V-Scan.
Bone Enhancement
The Accuro possessed 2 imaging methods to facilitate imaging of the lumbar spine, a bone enhancement algorithm, and a lumbar spine CAD algorithm. 22 The bone enhancement algorithm provided 2-dimensional (2D) ultrasound images with accentuated bone surfaces and the CAD algorithm automatically detected spine anatomy within the 2D image and displayed anatomical overlays and indicators to the user.
Bone surfaces were enhanced by identifying the regions of dark signal dropout beneath the highly reflective bone surface, known as the acoustic shadow. Real-time detection of the acoustic shadow was performed by a shadow filter that quantified both the reflection amplitude and the degree of shadowing from the bone surface, as described by the following equation:
where S(i, j) is the shadow intensity output, I(i, j) is the image frame data, M is the number of samples in each ultrasound A-line, α is the depth offset, τ is a small number used to avoid division by 0 (5 Â 10
was used in this work, assuming image magnitude was between 0.0 and 1.0), and w k,i is a depth weighting. The depth weighting, w k,i , accounted for increased electronic noise through depth due to time gain compensation. In effect, the depth weighting was applied to ensure that electronic noise was not incorrectly treated as valid acoustic backscatter from tissue. The shadow intensity output, S(i, j), was used to map high intensity echoes immediately superficial to the shadow to bright pixel values using a conventional sigmoid intensity mapping function, as shown in Figure 2 . To enhance the contrast and conspicuity of the bone in the final image, the background tissue signal was suppressed relative to the bone signal. 
Lumbar Spine CAD Algorithm
The high-contrast bone image served as the input to the lumbar spine CAD algorithm. The brightest pixels within the bone image corresponded to bone landmarks that were identified as either a spinous process or epidural space cross-section of the spine by a 3-dimensional (3D) model registration to the image data. The bright bone surfaces were mapped to the 3D model using a cost function that maximized the similarity between the bone surfaces in the image and the 3D model. 22, 25 The cost function took the form of the following equation:
where N is the number of points in the 3D model, M is the number of bright bone surfaces extracted from the bone image, dist is the Euclidean distance between a model point and a bone surface, and intensity is the brightness of the bone surface. This cost function can be viewed as minimizing the distance between the observed bone surfaces and the 3D model and preferentially weighting bright bone surfaces over dim bone surfaces. The 3D model points, model[i], undergo affine transformations to account for differences in scale, translation, and rotation between the underlying anatomy and the model. 25 Example registration results between the 3D model and extracted bone points for spinous process and epidural space cross-sections are shown in Figures 3D and 4D , respectively.
The CAD algorithm operates on images of the lumbar spine acquired in the transverse plane and is tolerant to rotation and translation of the cross-sectional spine anatomy within the transverse plane. The algorithm can also accommodate angulation of the scan plane in the elevational dimension, provided the scan plane cleanly intersects a spinous process or an epidural space cross-section. If elevational angulation is too severe, then the scan plane may intersect multiple vertebral units, in which case the CAD algorithm will not discriminate between spinous process and epidural space cross-sections.
When an appropriate fit between the 3D model and the underlying image data was found, graphics were displayed on the screen to indicate the presence of the spine midline, a spinous process, or an epidural space. In addition, depths to the spinous process tip and epidural space were also displayed on the screen. Representative graphics produced by the CAD algorithm for spinous process and epidural space cross-sections are shown in Figures 3E and 4E , respectively. Both the bone enhancement and CAD algorithms operate in real-time on the Accuro imaging system.
Imaging Study Protocol
Volunteer demographics (age, height, weight, and BMI) were collected after consent. Volunteers were instructed to sit upright, relax their shoulders, and arch their lumbar spine to simulate patient positioning during a routine epidural or LP procedure. An anesthesiologist skilled in the use of neuraxial ultrasound acquired multiple cine video data sets of each subject's lumbar vertebrae using both the GE V-Scan and the Accuro imaging systems. All imaging was performed in the transverse plane (Fig. 1C) . Three sonographers independently reviewed the cine data sets to screen for data of insufficient quality for further analysis (eg, images not containing relevant anatomy were excluded from further study). The GE V-Scan is a comparable handheld ultrasound unit that served as an image quality comparison.
Neuraxial Landmark Detection
Three radiology fellows independently identified image frames from the cine data sets that contained clearly visible neuraxial landmarks. First, each radiologist independently classified each image frame as either containing a spinous process or an epidural space. Second, each radiologist identified the following spine landmarks in each image (if present): the spinous process tip, the lamina, the articular processes, the epidural space, the posterior surface of the vertebral body, and the spine midline. Distances from the surface (skin) to the landmarks were also measured. Representative measurements made by the radiologist observers for spinous process and epidural space cross-sections are shown in Figures 3C and 4C , respectively. The radiologists were blinded to lumbar spine CAD results when interpreting and segmenting spinal anatomy in the ultrasound images. In addition, before making official measurements for the study, each radiologist was trained to identify spine landmarks on 10 practice data sets (BMI between 20 and 40 kg/m 2 ) to standardize image measurement techniques. The accuracy of the lumbar spine CAD algorithm was assessed by comparing its automated measurements to the average value of the measurements provided by the 3 radiologists. First, the CAD algorithm used the 3D model-fit to the underlying image data to determine if a spinous process or epidural space cross-section was present in the image. Second, the CAD algorithm determined the location of the spine midline and depths to the spinous process and/or epidural space from the model fit, as shown in Figures 3D and 4D . In this study, the accuracy of the measurement and detection of the following anatomical features were assessed: (1) presence of a spinous process crosssection, (2) presence of an epidural space cross-section, (3) location of the spine midline, (4) depth to the epidural space, and (5) depth to the spinous process tip. 
Bone Image Quality
A quantitative comparison of the bone contrast in images acquired by the V-Scan and the Accuro was made based on the expert segmentations of neuraxial anatomy. The bone-to-tissue contrast ratio for the spinous process, lamina/articular processes, and posterior surface of the vertebral body was computed using the following equation:
where I bone is the bone intensity and I tissue is the soft tissue intensity.
Statistical Analysis
In all cases, positional errors between the lumbar spine CAD measurements and radiologist measurements are expressed as mean ± standard deviation. Sensitivity and specificity for the classification of spinous processes and epidural spaces were performed using the measurements provided by the radiologists as a benchmark. Confidence intervals for all metrics were computed by assuming independent, random sampling FIGURE 3. Summary of image analysis performed on spinous process cross-sections of the lumbar spine. A, Schematic of ultrasound beam intersecting a spinous process cross-section. B, Image acquired by Accuro of a spinous process cross-section (with bone enhancement). C, Radiologist measurements on the spinous process image: the blue circle denotes location of the spinous process tip, the green circles denote location of the articular processes, the white line is the spine midline. D, Schematic of CAD results on the same image: the blue, green, and red dots are bright bone points identified by the algorithm, a cross-section of the 3D spine model is superimposed on the image to show the registration result, and the dashed white line is the spine midline. In both panels C and D, d SP is depth to spinous process tip and d AP is depth to articular processes. E, Graphics rendered to the Accuro screen by the CAD algorithm to indicate that the image contains a spinous process. Also shown are depth and midline indicators, along with a bird's-eye view of the 3D spine model. The blue number is the depth to the spinous process tip, and the orange number is the depth to the epidural space (in centimeter). Figure 3 can be viewed online in color at www.investigativeradiology.com.
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from a Gaussian-distributed random variable. Statistical significance and P values were computed using 2-sided t tests and the threshold for significance was considered to be α = 0.05. All statistical analysis was performed in MATLAB (Mathworks, Natick, MA).
RESULTS
A total of 80 volunteers with BMI between 18.5 and 48 kg/m 2 were recruited for this study. Data from the first 12 volunteers could not be analyzed due to inconsistencies in image acquisition techniques, thereby limiting the final analysis to 68. Demographic and baseline characteristics are presented in Table 1 . Volunteers were grouped into not-obese (BMI, <30 kg/m 2 ) and obese (BMI, ≥30 kg/m 2 ) categories according to BMI as defined by the World Health Organization. The only parameters that differed significantly between the 2 groups were subject BMI and weight.
Bone Image Quality
The V-Scan was used as the control for assessing bone image quality. Representative images acquired by the V-Scan and the Accuro . C, Radiologist measurements on the epidural space image: the green circles denote location of the articular processes, the orange ellipse denotes the location of the posterior surface of the vertebral body, and the white line is the spine midline. D, Schematic of CAD results on the same image: the orange, green, and red dots are bright bone points identified by the algorithm, a cross-section of the 3D spine model is superimposed on the image to show the registration result, and the dashed white line is the spine midline. d VB is depth to spinous process tip, d AP is depth to articular processes, and d ES is the depth to the epidural space. E, Graphics rendered to the Accuro screen by the CAD algorithm to indicate that the image contains an epidural space. Also shown are depth and midline indicators, along with a bird's-eye view of the 3D spine model. The orange number is the depth to the epidural space (in centimeter). Figure 4 can be viewed online in color at www.investigativeradiology.com.
are displayed in Figure 5 (subject BMI of 44 kg/m 2 ). Spine anatomical landmarks are annotated in each image. Bone-to-tissue contrast was evaluated for neuraxial bone landmarks in both the V-Scan and Accuro images. The results of this analysis are given in Table 2 . In subjects with BMI less than 30 kg/m 2 , the contrast of the spinous process tip was significantly lower than that of the other bone landmarks in images acquired by both systems (P < 0.05 for both systems). The average bone-to-tissue contrast in Accuro images of subjects with BMI 30 kg/m 2 or higher was 12% lower for vertebral body landmarks relative to images acquired of subjects with BMI less than 30 kg/m 2 . The average contrast of all bone landmarks was 5.1-to 10-fold greater when imaged using the bone enhancement technique on the Accuro compared with conventional B-mode on the V-Scan (P < 0.05 for all landmarks).
Neuraxial Landmark Detection
A positive correlation (Pearson r = 0.68; 95% confidence interval [CI], 0.54-0.79) was found between the radiologist's measurements of epidural depth and subject BMI (Fig. 6) . The average depth to the epidural spaces imaged was 4.8 ± 0.8 cm (range, 3.3-5.8 cm) in subjects with BMI less than 30 kg/m 2 and 5.7 ± 0.9 cm (range, 4.4-6.9 cm) in subjects with BMI 30 kg/m 2 or higher (P < 0.005). The average depth to the spinous process tips was 1.9 ± 0.7 cm (range, 1.4-4.1 cm) in subjects with BMI less than 30 kg/m 2 and 3.8 ± 0.8 cm (range, 2.3-5.2 cm) in subjects with BMI 30 kg/m 2 or higher (P < 0.001). These depths are averages of measurements made at the L2 to L3, L3 to L4, and L4 to L5 vertebral levels.
Estimates of epidural depth generated by the lumbar spine CAD algorithm were compared with the radiologist's measurements (Fig 7) . The 2 measures were highly correlated across the entire range of epidural depths observed in this study (Fig 7A; Pearson r = 0.96; 95% CI, 0.93-0.98). A Bland-Altman analysis is shown in Figure 7B . The upper 95% confidence limit was 0.5 cm, and the lower 95% confidence limit was −0.3 cm. A bias of 0.1 cm was observed, indicating that, on average, the lumbar spine CAD estimates were 0.1 cm shallower than the radiologist's measurements.
Similarly, lumbar spine CAD estimates of spine midline location within each image were compared with the radiologist's measurements (Fig. 8) . The 2 measures were positively correlated ( In addition to measuring the depth to the epidural space and the position of the midline, the lumbar spine CAD algorithm also automatically identified the spine midline and distinguished between epidural spaces and spinous processes. A summary of the detection sensitivity and specificity of epidural spaces, spinous processes, and the spine midline within the ultrasound images is given in Table 3 . The lumbar spine CAD algorithm exhibited an overall epidural space detection sensitivity of 94.2% (95% CI, 85.1-98.1) and a specificity of 85.5% (95% CI, 81.7-88.6). Overall midline detection sensitivity and specificity were 93.9% (95% CI, 85.8-97.7) and 90.5% (95% CI, 81.6-95.5), respectively. Representative lumbar spine CAD graphics that are displayed on the Accuro screen to assist image interpretation are shown in Figure 3E , Figure 4E , and in Supplementary Videos (see Supplemental Digital Content 1, http://links.lww.com/RLI/A312 , a representative lumbar spine CAD graphics and bone imaging in a subject with BMI of 25 kg/m 2 . The dashed vertical line indicates the position of the spine midline within the image, the blue number is the estimated depth to the spinous process tip, and the orange number is the estimated depth to the epidural space. An orange cross-section of vertebral anatomy is overlaid on the ultrasound image when an interlaminar space is identified, and a blue cross-section of the spinous process is overlaid on the ultrasound image when a spinous process is identified. This information is also related in the form of a 3D model of the lumbar spine at the bottom of the screen. Supplemental Digital Content 2 (http://links. 
DISCUSSION
Accurate identification of the spine midline and interlaminar space before bedside procedures of the lumbar spine helps to ensure the technical success of epidural and LP procedures. The surface landmark-guided technique is effective in patients with palpable surface landmarks, but its efficacy is diminished in patients with anatomical landmarks that are difficult to palpate. [3] [4] [5] [6] In these patients, ultrasound can aid in the identification of key anatomical structures and can also estimate the depth to the epidural space to within approximately ± 1 cm accuracy. 26, 27 Multiple randomized controlled trials (RCTs) have demonstrated that preprocedural ultrasonography both increases the efficacy of neuraxial procedures (eg, lower rates of incomplete analgesia, 2% vs 8%, P < 0.03 28 ) and decreases the technical difficulty of the procedure (eg, increased first-attempt success rate, 65% vs 32%, P < 0.001, and reduced number of needle passes, 6 vs 13, P < 0.003 6 ). The primary impediment to widespread adoption of preprocedural ultrasonography for bedside LP and epidural procedures appears to be its steep learning curve. Deacon et al 16 and Margarido et al 17 determined that fewer than 40% of trainees were able to identify an appropriate needle insertion location on a subject with normal BMI after comprehensive training by a team of experts. Image interpretation is even more difficult in obese and elderly patients due to degraded image quality, and key landmarks are only detectable by experts in 70% to 80% of obese patients. 5, 26 These results imply that improved training methods and innovations in ultrasound technology may be required for the positive results of the RCTs to be realized outside of select clinical centers with ultrasonography experts. 29 This study evaluated the imaging performance of a handheld ultrasound device that was developed to provide real-time feedback about the presence and location of anatomical landmarks within ultrasound images of the lumbar spine. As this was the first study with a device of this kind, we limited its scope to be an imaging-only study and sought to establish the agreement between automated anatomical landmark detection by the lumbar spine CAD algorithm and manual landmark identification by experienced radiologists. As shown in Table 3 , if an epidural space, a spinous process, or the spine midline was manually identified within the ultrasound image by the radiologists, then it was automatically detected by the lumbar spine CAD algorithm with sensitivity and specificity between 85% and 95%. Importantly, the accuracy of automated neuraxial landmark identification was preserved in patients with obesity (up to BMI of 48 kg/m 2 ), a group for which landmarks are difficult to identify via surface palpation. 5, 6, 26 These results are comparable to the results of previously reported efforts to automatically detect lumbar anatomy in ultrasound images using computer vision techniques, which have demonstrated sensitivities and specificities in a limited number of subjects between 80% and 95%. 21, 22 In addition, a strong correlation was observed between the lumbar spine CAD algorithm and radiologist measurements for the epidural depth and location of the spine midline. The Bland-Altman analysis suggests that the location of these anatomical features within the ultrasound images was automatically identified to within approximately ±0.5 cm. This degree of accuracy is expected to be sufficient for determining where to place the needle along the spine midline and for providing an estimate of the depth to the epidural space. Vallejo et al 27 demonstrated that knowledge of these 2 parameters before needle placement reduced the incidence of failed epidurals and reduced the number of insertion attempts required for epidural placement.
The intent of enhancing the bone surfaces is to improve the image quality of spine ultrasound images so as to reduce the learning curve for interpreting neuraxial ultrasound images. As evidenced by the results of Figure 5 and Table 2 , the contrast and conspicuity of key bone landmarks was significantly higher in the enhanced images than in conventional B-mode images acquired by the V-Scan. The V-Scan was selected for an image quality comparison because it is a comparable handheld, highly portable system intended for use at the bedside. Accessibility of ultrasound systems has been identified as an impediment to adoption of neuraxial ultrasound in obstetric and intensive care unit settings, 18 and a highly portable, low-cost system is best suited to address this need. In addition, the lumbar spine CAD algorithm seeks to provide a secondary confirmation during bedside imaging evaluation of the lumbar spine to help inform the physician's interpretation of features within the ultrasound images. The long-term goal is to enable physicians to use bedside neuraxial ultrasound and to ultimately improve the efficacy of neuraxial anesthesia and LP procedures. As stated previously, this imaging-only study was the first step toward this goal, and clinically relevant outcomes must be evaluated in future RCTs.
This study is not without limitations. Although the Accuro ultrasound system can acquire ultrasound images in any orientation, the lumbar spine CAD algorithm only assists with anatomical landmark recognition when imaging in the transverse plane. There is evidence that transverse plane imaging is sufficient for identifying the midline and depth to the epidural space, 9, 26 but imaging in longitudinal and sagittal orientations has also been shown to improve efficacy. 12, 27 In addition, the deepest epidural space observed was only 6.9 cm deep, and while this was deeper than average values frequently reported in the literature, it is not representative of the most challenging patients, whose lumbar epidural spaces can often exceed 8 cm in depth. 26 Given that this was an imaging-only study in volunteers, the reported depths measured from the ultrasound images could not be validated by true depths confirmed by needle placement. It is likely that the depths reported in this study underestimate the depths at which loss of resistance or CSF would be detected due to tissue compression by the ultrasound probe during imaging. 9, 26 Finally, the impact of the lumbar spine CAD technology on clinically relevant end points must be evaluated in 1 or more RCTs before definitive conclusions may be reached.
In conclusion, we have demonstrated that a handheld ultrasound system with 3D spine navigation technology can automatically and accurately identify key neuraxial landmarks within ultrasound images of the lumbar spine acquired in the transverse plane. All measurements are mean ± standard deviation (millimeter). Numbers in brackets are 95% confidence intervals.
BMI indicates body mass index; CAD, computer-aided detection.
